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X-ray scatter dark ﬁeld imaging (SDFI) tomography was used to investigate the glass 
ﬁbre orientation of short ﬁbre-reinforced polymers (SFRPs). The ﬁbre orientation of ﬁbre-
reinforced polymers is decisive for the mechanical strength of injection-moulded parts. For 
this paper four different positions, with volumes along the melt ﬂow and with weld lines, 
of an injection-moulded part were investigated with SDFI computed tomography with a 
voxel size of (43 μm)3 and absorption-based high resolution X-ray computed tomography 
(XCT) with a voxel size of (6.5 μm)3. The results of the SDFI computed tomography are 
compared with the ﬁbre orientation to investigate the dependence of the SDFI signal on 
ﬁbre orientation. The exact ﬁbre orientation was determined by evaluation of the high 
resolution absorption XCT data. In particular, it is shown that the weld line and areas with 
different ﬁbre orientations can be characterised by SDFI even at a voxel size of (43 μm)3
and that ﬁbre orientation properties can be detected.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Nowadays short ﬁbre-reinforced polymers (SFRPs) are widely used in the automotive industry and many other industrial 
branches. The main beneﬁts are improved mechanical properties in comparison with unﬁlled thermoplastic polymers, while 
still being affordable. Carbon and glass ﬁbres are most commonly used to reinforce the polymer. The injection moulding 
process causes an anisotropic ﬁbre orientation. The result is a part with anisotropic mechanical and physical properties [1]. 
An important issue of the SFRPs is the weld line, since mechanical strength is lower than the rest of the injection-moulded 
part. One reason is that the ﬁbre orientation is inﬂuenced by the weld line formation [2]. The mechanical properties are a 
result of ﬁbre orientation distribution (FOD) and ﬁbre length distribution (FLD) [1].
High resolution computed tomography (XCT) is a common non-destructive technique (NDT) to determine the FOD and 
FLD of SFRP [3]. A disadvantage of this technique is that for high-resolution measurements, the measured volume is limited 
due to the small ﬁeld of view. Another problem is the segmentation of different materials with nearly the same X-ray 
absorption coeﬃcient such as carbon ﬁbres and epoxy matrices.
* Corresponding author. Tel.: +43 50804 45512.
E-mail address: Christian.hannesschlaeger@fh-wels.at (C. Hannesschläger).http://dx.doi.org/10.1016/j.csndt.2015.04.001
2214-6571/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
C. Hannesschläger et al. / Case Studies in Nondestructive Testing and Evaluation 3 (2015) 34–41 35Fig. 1. Overview of the measured specimens at 0◦: (a) cut out position of the specimens, (b) 3D view of the glued cube, (c) plane Ys–Xs with S1 at the top 
position. For S1–S3 the melt ﬂow direction is in Zs, for S4 the melt ﬂow direction is in Xs.
With scatter dark ﬁeld imaging (SDFI) it is possible to analyse the microstructure of a specimen at lower resolution [4]. 
Structures which are up to 100 times smaller than the spatial resolution can be detected [5,6]. With the Talbot–Lau grating 
interferometer it is possible to use the SDFI technology with high power X-ray tubes, large focal spots and standard digital 
X-ray detectors [7–9]. In [10] it was shown that the SDFI is suitable to characterise continuous carbon ﬁbres in epoxy resin 
matrix at a volume of 10 × 10 × 11 mm3.
In this paper, SDFI is used to investigate the FOD of short glass FRPs (GFRPs) at different positions of an injection 
moulded part. SDFI tomograms are qualitatively compared with conventional high resolution XCT data. The calculated ﬁbre 
orientations are compared with the SDFI results.
2. Materials and methods
2.1. Test specimens
In this paper, an injection moulded part, shown in Fig. 1, was investigated at four different positions. The part is 2 mm 
thick. The GF content was about 30 wt.%. Density of glass was about 2.52 g/cm3. The ﬁbre diameter is about 18 μm. The 
mean granulate ﬁbre length, of a 30 wt.% glass ﬁbre reinforced polypropylene, is assumed to be around 400 μm. During 
the injection moulding process the ﬁbres will break [11]. The local ﬁbre length in the injection moulded parts depends 
also on the overall sample geometry and position of the analysed region of interest. The matrix material was polypropylene 
with a density of 0.9 g/cm3. For SDFI and XCT investigations, four specimens (S1–S4) were prepared. In S1 and S4 the ﬁbres 
are expected to be mainly aligned to the Zs-direction which is the direction of injection. The melt front splits in front 
of the hole and then ﬂows together at S2 and S3. Due to this fact, a weld line is expected in these specimens. The four 
specimens were cut to a dimension of 10 × 10 mm2, glued together to form a cube of 9 × 10 × 10 mm3 and measured 
simultaneously to decrease measurement time. Two different sample orientations (b, c) on the turntable were used for 
the SDFI-tomography displayed in Fig. 2. Due to the anisotropic properties of the ultra-small angle scattering, two sample 
orientations were applied to detect different orientated structures [4–7].
2.2. X-ray dark ﬁeld tomography – Talbot–Lau Grating Interferometer
At the Talbot–Lau Grating Interferometer there are three different gratings. Source grating (G0) divides the beam from 
the X-ray source to increase the spatial coherence. Phase grating (G1) splits the X-ray-beam with the phase shift of π/2. 
The shifted beams interfere with each other, which create self-images of the grid at the Talbot distances [12]. The analyser 
grating (G2) samples the local amplitude, phase and mean value of the periodic self-image [13]. The specimen position and 
the schematic view of the Talbot–Lau are shown in Fig. 2.
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measurements with respect to the rotation axis [10].
Table 1
Parameters of the gratings used for the experiments.
Grating Material Type Period Depth
G0 gold absorption 57 μm 60 μm
G1 silicon phase 2.85 μm 12.7 μm
G2 gold absorption 3 μm 30 μm
Fig. 3. (a) Absorption image, (b) differential phase contrast image and (c) scatter dark ﬁeld image of the test specimen, measured using the Talbot–Lau 
grating interferometer.
The speciﬁcations of gratings G0, G1 and G2 used in the experimental setup are given in Table 1. The gratings are 
optimised for a broad spectrum of energies (E/E ∼ 50%) centred on the design energy of 20 keV.
Using the phase stepping procedure [13], three projection images can be reconstructed in parallel – namely the absorp-
tion image, the differential phase contrast image and the scatter dark ﬁeld image. Fig. 3 shows typical projection images 
obtained with the test sample. In particular, the scatter dark ﬁeld image delivers information on the ﬁbre density and 
orientation [12].
The CT measurements were performed using the grating interferometer introduced in the previous section. The tube 
acceleration voltage used for the measurements was set to 40 kVp and the current was 22.5 mA. 541 projections were 
acquired over 360◦ , which correspond to an angular step of about 0.66◦ . Measurement was performed with nine phase 
steps. The rotation axis () is indicated in Fig. 1. The distance between the focal spot and the rotation centre was set to 
1285.5 mm and the distance between the rotation centre and the detector was 124 mm. This corresponds to a magniﬁcation 
factor of 1.1. The grating distances are displayed in Table 2.
The tolerance of G1–G2 is about ±0.1 mm and is essentially determined by the avoidance of Moiré fringes. The spectral 
bandwidth (dE/E) of the interferometer is around 30% [9]. The voxel size used was (43 μm)3 and the total acquisition time 
was about 465 min.
Two computed tomography measurements were performed where the sample was rotated 90◦ between the two mea-
surements as depicted in Fig. 2(b)–(c). The reconstructed volumes were then aligned with each other.
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Distances of the gratings, with N fractional Talbot order, p1/p2 the periodicity of G1/G2 and λ the wavelength.
Distance source 
G0 
(mm)
Distance 
G0–G1 
(mm)
Distance 
G1–G2 
(mm)
Distance 
G1–G2
20 1310.5 69 Np1 ∗ p2/(8λ)
Table 3
Comparison of the SDFI-CT and XCT measurement parameters.
XCT-modality Voxel size
(μm3)
Voltage 
(kV)
Beam current 
(μA)
Number of projections Specimen alignment 
(◦)
SDFI 43 40 15000 451 0, 90
Absorption-XCT 6.5 80 180 1800 0
Fig. 4. XCT results of S1: Comparison of scatter darkﬁeld and absorption data in the centre of S1: (a) absorption XCT (6.5 μm)3, (b) 0◦ scatter darkﬁeld 
(43 μm)3, (c) 90◦ scatter darkﬁeld (43 μm)3.
2.3. Absorption based high resolution XCT
The specimens were scanned with the XCT device Nanotom 180NF (GE phoenix | X-ray). This system consists of a nano 
focus tube and a 2304 × 2304 pixel Hamamatsu detector (Hamamatsu City, Japan). Molybdenum was used as the target 
material. The scanning time was 184 min. Datos|x was used as the reconstruction software. It works with a ﬁltered back-
projection. The data were beam-hardening corrected. VGStudio Max v2.2 (Volume Graphics GmbH) was used as evaluation 
software. The ﬁbre orientations were determined by the software iAnalyse [3].
2.4. Comparison of XCT and SDFI scanning parameters
A comparison of XCT and SDFI scanning parameters is given in Table 3.
3. Results
3.1. Slice images of SDFI and XCT
Fig. 4 shows the comparison of the 0◦ , 90◦ SDFI and XCT absorption slice images of the tensile specimen S1. The slice 
image corresponds to a cross section perpendicular to the Ys-axis in the middle of the sample. The specimens were aligned 
according to Fig. 2.
Image (a) shows a slice of the XCT scan. Individual ﬁbres can be identiﬁed at voxel size (6.5 μm)3. The main ﬁbre 
orientation is in Zs-direction. Slices (b) and (c) show two scans at two different alignments of the same specimen. In (b) 
a homogeneous grey value distribution can be observed. In contrast to this Zs-orientated structures are visible in slice (c). 
The observed structures of S4 are similar to S1.
Fig. 5 shows a comparison of the 0◦ , 90◦ SDFI and XCT absorption slice images of the weld line specimens S3 at the 
middle cross section. Fig. 5(a) shows the absorption image of the XCT scan. In this case it is possible to identify individual 
ﬁbres. In the following the regions of the XCT images with different visible ﬁbre orientation, are described. In (a: S3) 
beginning at Zs = 0, the ﬁbres lie along the hole. At the saddle point, where the two melt fronts ﬂow together, a change of 
38 C. Hannesschläger et al. / Case Studies in Nondestructive Testing and Evaluation 3 (2015) 34–41Fig. 5. XCT results of S3 with a weldline: Comparison of darkﬁeld and absorption data in the centre of S3: (a) absorption XCT (6.5 μm)3, (b) 0◦ scatter 
darkﬁeld (43 μm)3, (c) 90◦ scatter darkﬁeld (43 μm)3.
Fig. 6. Regions of interest for the determination of quantitative ﬁbre data from the high resolution XCT results: (M) middle of the specimen, (B) bottom, 
(WL) weld line and (NWL) next to weld line.
the ﬁbre orientation occurs. Above this saddle point, in the middle, the main ﬁbre orientation is in Z s-direction. Laterally a 
turn of the main ﬁbre orientation in Xs-direction is visible.
Figs. 5(b) and (c) show the results of the SDFI. The slices of column (b) display a nearly homogeneous grey value over 
the whole plane. Only the red highlighted region differs from the mean grey value. Column (c) shows an inhomogeneous 
grey value distribution in the middle of the displayed plane (blue highlighted). In this area structures in Zs-direction are 
visible.
Similar structures can be observed over the whole specimen thickness.
3.2. Quantitative ﬁbre orientation analysis
Accurate ﬁbre orientation was achieved by evaluating the high resolution absorption XCT-data by applying the method 
published in [3].
As a result of Fig. 5 the obtained deviating areas, where the grey value differs from the mean grey value, were used to 
deﬁne the regions of interest for ﬁbre characterisation with the software iAnalyse. The zones are divided into areas, with 
a structure and control areas without a structure next to them, displayed in Fig. 6. The region dimension in Ys is over the 
whole sample thickness, since the same structures are visible over the whole specimen.
Each and every ﬁbre is deﬁned by a start- and endpoint. With this information the orientation tensor of each ﬁbre 
can be determined. The orientation tensor is a symmetric second-order tensor calculated as the dyadic product of the unit 
vector [3]. The unit vector, which is parallel to the ﬁbre, can be calculated with Eqs. (1)–(3). The ﬁbre orientation can also 
be described by the angles θi and φi in a Cartesian coordinate system [14].
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Overview of the quantitative ﬁbre data (ﬁbre density, degree of orientation and the entries a11, a22, a33, a12, a13 and a23 of the orientation tensor).
Specimen Region Fibre density 
(ﬁbre count/μm3)
Orientation 
degree OD
a11 
(Xs)
a22 
(Ys)
a33 
(Zs)
a12 
(XY )
a13 
(X Z )
a23 
(Y Z )
S1 M 2188 0.80 0.10 0.03 0.86 0.00 −0.01 0.00
S3 M-WL 2702 0.71 0.14 0.05 0.81 0.00 −0.01 0.00
M-NWL 3228 0.48 0.31 0.06 0.63 0.01 0.09 0.00
B-WL 3178 0.23 0.42 0.11 0.47 0.00 0.04 −0.01
B-NWL 3130 0.59 0.43 0.06 0.51 0.00 −0.26 −0.01
θi = cos−1
(
ddZ√
dd2X + dd2Y + dd2Z
)
(1)
φi = sin−1
(
ddY√
dd2X + dd2Y
)
(2)
ddX , ddY and ddZ are the distances between the start- and endpoint in the coordination directions Xs, Ys and Zs.
p =
⎛
⎝ sin(θ) ∗ cos(φ)sin(θ) ∗ sin(φ)
cos(φ)
⎞
⎠ (3)
The orientation of n ﬁbres can be described by (4):
aij = 1
n
∗
(
n∑
k=1
pki ∗ pkj
)
=
⎛
⎝ a11 a12 a13a21 a22 a23
a31 a32 a33
⎞
⎠=
⎛
⎝ aX X aXY aX ZaY X aY Y aY Z
aZ X aZY aZ Z
⎞
⎠ (4)
The degree of orientation O D is a scalar value to describe the strength of the main orientation of a tensor. It is calculated 
by normalising the largest eigenvalue (5):
O D = (Evmax − 1/3) ∗ 3/2 (5)
Evmax is the largest eigenvalue. Table 4 shows the ﬁbre orientation of the analysed regions. The ﬁbre length distribution 
is inﬂuenced by the size of the analysed region. So we choose the ﬁbre density unit to explain the inﬂuence of the ﬁbre 
content on the SDFI signal.
4. Discussion
As shown in Figs. 4(a) and 5(a) absorption high resolution XCT-scan detect individual ﬁbres when an appropriate voxel 
size (6.5 μm)3 is used and these data can be used to extract quantitative data for each ﬁbre and calculate the orientation 
tensor in a certain volume as depicted in Table 4. For SDFI measurements a voxel size of (43 μm)3 was applied, which 
is much larger than the mean ﬁbre-diameter. Therefore, the data in Figs. 4 and 5 cannot visualise single ﬁbres and thus 
the extraction of individual ﬁbre data is not possible. However, the SDFI data provide qualitative information about the 
orientation of the ﬁbres. The anisotropic properties of the ultra-small angle scattering can be used to generate directional 
information from the sample on the microstructure level. This has already been proved in several recent publications [4–7]. 
There is good correspondence between the data in Figs. 4(b, c) and 5(b, c) and the orientation data presented in Table 4.
Fig. 7 shows the colour-coded results of the ﬁbre orientation data extracted from the high resolution XCT-measurements 
compared with the SDFI results. In particular, a main orientation in Zs direction can be observed in column (a) in the 
regions M of S1 and M-WL of S3. There is good correspondence between the ﬁbre orientation in Zs and the ﬁbre structures 
seen at SDFI 90◦ . For the control regions M-NWL and B-NWL the x component of the tensor is in the range of the Zs
component.
The bright region of the 0◦ SDFI (highlighted in orange in column a, for sample S3) differs from the other regions of 
column a. Due to this fact this region is analysed in detail. Fig. 8 displays a colour-coded 3D ﬁbre orientation image of the 
region B-WL S2 determined from the high resolution XCT-data.
The orientation of the ﬁbres along the weld line can be seen clearly. It is obvious that the ﬁbre orientation of the volume 
in the centre highlighted in black differs signiﬁcantly from its surrounding region. The Orientation degree of B-WL is very 
low as seen in Table 4. Less orientated ﬁbres could contribute to a high SDFI signal at every sample orientation. This lack 
of a dominating orientation causes an SDFI, no matter how the sample is orientated on the turntable. There might be 
also some contribution from pores or defects which are much smaller than the voxel size. Due to the fact that weld lines 
are often accompanied by pores or defects one has to be very careful when interpreting SDFI-data since pores and other 
inhomogeneity’s also contribute to the SDFI signal.
40 C. Hannesschläger et al. / Case Studies in Nondestructive Testing and Evaluation 3 (2015) 34–41Fig. 7. Comparison of colour coded results of the ﬁbre orientation data extracted from the high resolution XCT-measurements with 8 bit grey value SDFI-data 
0◦ and 90◦ (blue = Xs-direction, green = Ys-direction, red= Zs-direction, angles θ and φ for the spherical coordinate system): (a) absorption XCT (6.5 μm)3, 
(b) 0◦ scatter darkﬁeld (43 μm)3, (c) 90◦ scatter darkﬁeld (43 μm)3. The volume highlighted in orange region is visualised in detail in Fig. 8.
5. Conclusions
It has been shown that X-ray dark ﬁeld imaging technology is a suitable method for detecting the main ﬁbre orientation 
of glass ﬁbre reinforced polymers. Four volumes with differing ﬁbre orientations were measured and analysed. The results 
of SDFI computed tomography scanned with a voxel size of (43 μm)3 were compared with conventional absorption X-ray 
computed tomography data scanned with a voxel size of (6.5 μm)3. The results showed that there is a good correspon-
dence between SDFI structures and ﬁbre orientation extraction from the high resolution XCT-measurements. The anisotropic 
properties of the ultra-small angle scattering can be used to generate directional information from the sample on the mi-
crostructure level. With the use of this technique it was possible to identify the main ﬁbre orientation in Zs direction with 
a voxel size of (43 μm)3, which is much larger than the mean ﬁbre diameter (∼18 μm). Owing to its 1D sensitivity SDFI is 
a suitable method for detecting areas with a preferred ﬁbre orientation like weld lines or regions with a predominant ﬁbre 
orientation along the melt ﬂow. This advantage makes the technology attractive for characterising the ﬁbre orientation of 
C. Hannesschläger et al. / Case Studies in Nondestructive Testing and Evaluation 3 (2015) 34–41 41Fig. 8. 3D ﬁbre orientation of the regions S3 B-WL (ﬁbre colours correspond to the orientation of Fig. 7).
ﬁbre-reinforced industrial polymeric parts. However, because weld lines are often accompanied by pores and porosity is of-
ten present in ﬁbre-reinforced samples, one has to be very cautious when interpreting SDFI-data since pores also contribute 
to scattering signals.
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